The purpose of this study is to elucidate the integrative input mechanisms of pyramidal cells receiving horizontally projecting axon collaterals (horizontal projection) and vertical input from layer IV. We performed whole-cell recordings from pyramidal cells in layer II/III and focally activated other single pyramidal cells monosynaptically connected via long-distance horizontal (LH) projections (the distance between presynaptic and postsynaptic cells was 350-1200 m) in slice preparations of the kitten primary visual cortex. In addition, presynaptic single fibers in layer IV (vertical input) and/or short-distance horizontal (SH) inputs from neighboring single pyramidal cells (distance within 100 m) in layer II/III were activated. Unitary EPSPs evoked by the activation of LH and SH connections had smaller amplitude and larger coefficient of variation than those evoked by stimulating the vertical input. Paired-pulse stimulation of the LH and SH inputs caused the depression of the second EPSP, whereas that of vertical inputs caused either facilitation or depression of the second EPSP. The EPSPs evoked by simultaneous activation of LH and vertical inputs summated linearly at the resting membrane potential. However, the EPSPs evoked by stimulation of the two inputs were nonlinearly (supralinearly) summated when the postsynaptic membrane was depolarized to a certain level. Similar EPSP interaction was observed in response to simultaneous activation of the LH and SH inputs.
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Pyramidal cells in the visual cortex, particularly those located in the superficial layers, are known to send axon collaterals horizontally for up to several millimeters (Fisken et al., 1975; Gilbert and Wiesel, 1979) and to interconnect with functional domains, or columns, which process similar stimulus features (Gilbert, 1983; Ts'o et al., 1986; Hata et al., 1991) . There is some evidence indicating that cells in the primary visual cortex exhibit response modulation depending on the context of the stimuli inside and outside the classical receptive field (Van Essen et al., 1989; Kapadia et al., 1995; Sillito et al., 1995; Polat et al., 1998; Akasaki et al., 1998) . It has been suggested that long-range horizontal connections could form the structural basis for this contextdependent integration of visual information over a wide area in the visual field (for review, see Gilbert, 1992) .
To understand the functional role of horizontal connections, it is particularly important to clarify the precise nature of the synaptic interactions between the horizontal input and other inputs on a postsynaptic cell. Previous in vitro studies have demonstrated that stimulation of the horizontal pathway evoked weak monosynaptic and polysynaptic EPSPs followed by IPSPs in the visual cortex (Hirsch and Gilbert, 1991; Weliky et al., 1995; Katz et al., 1997) . However, Hirsch and Gilbert (1991) used massive electrical stimulation with metal wires to activate the horizontal connections. Thus, axons of passage were also inevitably activated in addition to the target axon collaterals. The combined study using optical imaging of the ferret visual cortex in vivo and laser photostimulation with caged glutamate in slices has been performed to clarify the spatial relationships between the orientation domains and the patterns of the aforementioned lateral connections (Weliky et al., 1995; Katz et al., 1997) . Although axons of passage were not stimulated in this method, it was impossible to isolate unitary responses derived from the identified presynaptic neurons.
In the present study, we performed whole-cell recordings from a pyramidal cell in layer II/III in a slice preparation of the kitten primary visual cortex and focally activated a single presynaptic pyramidal cell within layer II/III and/or a single fiber in layer IV. Subsequently, we also performed whole-cell recordings from a presynaptic cell to inject a neural tracer. By using these methods, we were able to analyze unitary EPSPs derived from horizontal and vertical inputs and visualize the synaptically connected cell pairs. Yoshimura et al. (1999) recently reported that the number of open channels at the peak of EPSCs at pyramidal-pyramidal synapses in layer II/III is several times smaller than that reported for synapses between geniculocortical afferents and layer IV spiny stellate cells (Stratford et al., 1996) . Therefore, it is assumed that the convergence of a significant amount of input to a pyramidal cell is necessary to cause it to fire. However, to our knowledge, no study has examined the interactions between horizontal inputs and identified single inputs using intracellular recording tech-niques. Therefore, we systematically investigated the precise properties of the spatial and temporal interactions between horizontal and vertical inputs.
MATERIALS AND METHODS
All experiments were approved by the Animal Research Committee of the Osaka Bioscience Institute and performed in accordance with the National Institute of Health guidelines for the care and use of laboratory animals.
Slice preparations. K ittens [n ϭ 14, postnatal day 29 (P29)-35] were deeply anesthetized by injections of ketamine (20 mg / kg, i.m.) followed by sodium pentobarbital (40 mg / kg, i.v.) , and then perf used transcardially with ice-cold oxygenated artificial C SF (AC SF). The composition of the AC SF was as follows (in mM): 124 NaC l, 3.8 KC l, 1.2 K H 2 PO 4 , 1.3 MgSO 4 , 2.4 CaCl 2 , 10 glucose, and 26 NaHC O 3 , pH 7.4 when bubbled with 95% O 2 and 5% C O 2 . Slices of the primary visual cortex (300-to 350-m-thick) were cut using a rotor slicer (DTY7700; Dosaka EM) and then incubated with AC SF in an interface chamber for 1 hr at 32-34°C. For the recording experiments, the slices were transferred into a submerged recording chamber that was continuously perf used with AC SF at 25-27°C. Recordings were obtained from layer II / III pyramidal cells, which were identified by microscopic observation with Nomarski optics. The criteria for the identification of pyramidal cells have been described previously (Yoshimura and Tsumoto, 1994) .
Recording procedures. Whole-cell recordings were made from pyramidal cells in the superficial layers. Whole-cell patch pipettes (resistance, 6 -10 M⍀) were filled with a solution containing (in mM) 130 K-gluconate, 10 KC l, 10 H EPES, 3 MgATP, and 0.5 Na 2 GTP, with pH adjusted to 7.2 using KOH. The osmolality of the solution was 280 -285 mOsm. Neurobiotin (0.5%) was added to the pipettes for intracellular staining of the recorded cells. Membrane potentials were recorded in the current-clamp mode with a patch-clamp amplifier (Axopatch 2B; Axon Instruments, Foster C ity, CA). Liquid junction potentials were corrected. The alignment of the recording and stimulating electrodes is shown in Figure 1 A. For the stimulation of individual horizontal connections, the tip of a second pipette filled with AC SF was placed onto the soma of other pyramidal cells in the superficial layers. The horizontal connections within layer II / III were divided into two groups according to the distance between the presynaptic and postsynaptic cells as long-distance horizontal (L H) connections (cell distance of 350 -1200 m) and short-distance horizontal (SH) connections (cell distance of Ͻ100 m). If no postsynaptic potential was recorded during 50 trials of stimulation, the stimulating electrode was moved to another neuron. To detect whether the evoked EPSPs were unitary or not, the EPSP amplitudes were plotted against the stimulus intensity (Fig. 1 B) . In the case of unitary responses, we observed a certain threshold of stimulus intensity below which no response was detected and EPSPs appeared only at or above this threshold. The mean EPSP amplitude did not change significantly with f urther increases in stimulus intensity beyond a certain range above the threshold (Stern et al., 1992; Yoshimura and Tsumoto, 1994) . After the detection of a monosynaptic L H connection ( Fig. 1 Ad,Cd), an additional stimulating electrode was placed on a pyramidal cell located at a distance of Ͻ100 m from the recorded cell in the superficial layers to activate a SH connection with focal stimulation (Fig. 1 Aa,Ca). For the activation of a vertical input from layer IV, a stimulating glass electrode was inserted in layer IV just beneath the recorded cell to activate a single fiber by the minimal-stimulation protocol ( Fig. 1 A, Vertical, D) (Allen and Stevens, 1994) . Each input pathway was stimulated at 0.33 Hz. To examine the spatiotemporal interactions between the L H inputs and vertical or SH inputs, the responses to concurrent activation at various interstimulus intervals (ISIs) of any two inputs were recorded. The ISIs used were 0, 5, 10, 20, 50, 100, and 200 msec. For evaluating response summation, the summation index (SI) was defined as follows:
SI ϭ (the peak amplitude of the EPSP evoked by combined stimulation)/(the peak amplitude obtained by the simple mathematical summation of two EPSPs elicited by the individual activation of two input pathways).
To test the effects of paired-pulse stimulation, either one of the three input pathways was successively stimulated at ISIs of 20, 50, 100, 200, 500, and 1000 msec.
Data acquisition and anal ysis. Data were digitized at the rate of 10 kHz and fed to a computer (Gateway 2000) for off-line analysis. Synaptic potentials were filtered at 1 kHz. Data were analyzed mainly with pC lamp software (Axon Instruments). The rise time of the EPSP was measured as the time between the time points corresponding to 10 and 90% of the peak amplitude. For the analysis of spontaneous EPSPs, the threshold was manually set at 3ϫ the SD of the mean baseline noise value.
V isualization of synaptic contacts. After completion of the physiological recording experiments, we replaced the stimulating electrode with a patch-pipette containing 0.5% neurobiotin and obtained recordings from the presynaptic cell for at least 15 min while injecting neurobiotin under microscopic observation. Accordingly, both presynaptic and postsynaptic cells were histologically visualized by intracellular staining with neurobiotin. Slices were fixed in phosphate buffer (0.1 M, pH 7.4) containing 4% paraformaldehyde and 0.1% glutaraldehyde, immersed in 30% sucrose solution, and then resectioned into 60 -80 m section with a microtome. The sections were then processed by the standard method using avidin-biotinylated horseradish peroxidase complex (Horikawa and Armstrong, 1988) . The labeled neurons were reconstructed under a light microscope (Optiphot, Nikon) using a camera lucida.
RESULTS
This study is based on data recorded from 44 postsynaptic and 65 presynaptic pyramidal cells in the kitten visual cortex. All the recorded cells were identified as pyramidal cells in the superficial layers by microscopic observation using Nomarski optics during the recording experiments. All the cells showed typical spike accommodation to a depolarizing current injection, a characteristic of pyramidal cells (Mason and Larkman, 1990) . Furthermore, in 7 of 44 pairs with LH connections and 3 of 25 pairs with SH connections, the presynaptic and postsynaptic cells were histologically ascertained as being pyramidal cells by intracellular 
Electrophysiological characteristics of LH, SH, and vertical connections
Focal stimuli were applied to individual presynaptic pyramidal cells with either LH or SH connections in the superficial layers, to evoke unitary EPSPs in the recorded postsynaptic cells. For activation of the vertical input, a single input source in layer IV was stimulated by the minimal stimulation protocol (see Materials and Methods). Only unitary EPSPs were analyzed. The means of the peak amplitude, rise time, half-width, and coefficient of variation (CV) of all the recorded unitary EPSPs evoked via the three different input pathways are summarized in Table 1 . There was a statistically significant difference between the peak amplitudes of the EPSPs evoked by the activation of vertical input and either LH or SH input ( p Ͻ 0.01, t test). The difference in the EPSP amplitudes between those evoked by the activation of the LH and SH inputs was not significant ( p Ͼ 0.5, t test). The amplitudes of the recorded EPSPs, particularly of those evoked by vertical input activation (6.0 Ϯ 2.8 mV), were larger than those reported previously (0.5 Ϯ 0.5 mV for layer II/III cells, Reyes and Sakmann, 1999; 1.17 Ϯ 0.23 mV for layer V cells, Markram and Tsodyks, 1996) . In these studies in the rat neocortex, unitary EPSPs of small amplitude were recorded using dual intracellular recordings with patch pipettes. There is the possibility that the minimal stimulation we used activated multiple fibers. During the recordings of the evoked EPSPs, we often observed large spontaneous EPSPs presumed to be attributable to activation of single input fibers. If the amplitudes of the large spontaneous EPSPs were comparable to those of the EPSPs evoked by the minimal stimulation of the vertical inputs, the latter could be attributable to the activation of a single input fiber. To check this, we collected the spontaneous EPSPs obtained in the cells identified for recording vertical input-induced EPSPs. We analyzed 10 cells that exhibited frequent spontaneous EPSPs and accumulated Ͼ200 events from each cell. The amplitude distribution of the spontaneous EPSPs varied from 0.4 to 9.7 mV, with a mean of 1.7 Ϯ 1.6 mV. We calculated the mean amplitude of the 5% of the EPSPs exhibiting the largest amplitudes in the spontaneous EPSP distribution. The mean amplitude of the largest spontaneous EPSPs (6.1 Ϯ 1.9 mV) was not significantly different from that of the unitary EPSPs evoked by vertical input stimulation ( p Ͼ 0.5, t test, Table 1 ), suggesting that the minimal stimulation of a vertical input activated a single input pathway that evoked the largest amplitude EPSPs. In addition, a previous study with dual intracellular recordings using patch pipettes demonstrated that the EPSPs evoked by an action potential of a presynaptic cell in the kitten visual cortex were much larger than those in the rat visual cortex (Yoshimura et al., 1999) . Therefore, we concluded that a single axon was activated with the minimal stimulation protocol in the present study.
Further analysis was performed to examine the correlation between the electrophysiological properties and the distance between two synaptically connected cells by lateral connections. Figure 2 illustrates the mean amplitude ( A) and rise time ( B) of the EPSPs evoked in each cell by activation of the horizontal input pathways as a function of the distance between two cells (graphs at right). In the graphs shown on the left in Figure 2 , the mean peak amplitude ( A) and rise time ( B) of the EPSPs evoked by the activation of the vertical input are plotted. In regard to the horizontal connections, no correlation between the peak amplitude and the distance between the cells was obvious, however, the peak amplitude of the cell group separated by a distance of Ͼ600 m (2.3 Ϯ 0.8 mV, n ϭ 11) was smaller than that of the cell group within 600 m (4.0 Ϯ 2.2 mV, n ϭ 58, p Ͻ 0.01, t test, Fig. 2 A) . There was no correlation between the cell distance and the rise time of the EPSPs (r ϭ 0.02, p Ͼ 0.5, Fig. 2 B) . Although the peak amplitude of the EPSPs evoked by the activation of vertical inputs was larger than that induced by the activation of horizontal inputs on average ( p Ͻ 0.01, t test, Table 1), there was no difference in the ranges of distribution of the peak amplitude (Fig. 2 A) .
To visualize the contact sites between pyramidal cells, for which functional connections were identified, presynaptic and postsynaptic cells were stained intracellularly with neurobiotin after the electrophysiological experiments. The morphology of apparent synaptic contacts was retrieved in 10 pairs. Two examples of reconstructed pairs are shown in Figure 3 . In these pairs, the axon collaterals from presynaptic cells (Fig. 3, red) ascend to the distal part of the apical dendrite of the postsynaptic cell to give rise to putative synaptic contacts (Fig. 3, arrows) . All labeled pairs separated by a distance of Ͼ350 m (n ϭ 7) were assumed to make synaptic contacts on the distal parts of the apical dendrites (Fig. 3, for example) . On the other hand, axons derived from more closely situated presynaptic pyramidal cells (n ϭ 3) made contacts either on the apical dendrites (n ϭ 2) or basal dendrites (n ϭ 1) of the postsynaptic cells (data not shown). However, we cannot draw firm conclusions on the relation between the distance separating the cells and contact sites, because these results were solely based on observations under a light microscope.
Paired-pulse stimulation of a single input pathway
When two successive inputs came from a single cell via an LH pathway within a certain time interval, the second input was incapable of eliciting the full EPSP amplitude in the postsynaptic cell. Typical examples of such paired-pulse depressions observed for LH inputs are shown in Figure 4 , A and B. In these cases, the LH input was activated twice at an ISI of 100 msec, and the amplitudes of the second EPSPs were smaller compared to those of the first one. Paired-pulse depression at the synapses for SH input was also observed (Fig. 4C,D) To compare the results of the paired-pulse experiments at ISI of 100 msec among LH, SH, and vertical inputs, the mean amplitudes of the first EPSPs were plotted against those of the second EPSPs for individual cell pairs (Fig. 5 ). In 9 of 11 cells for the LH connections and all of the 8 cells for the SH connections, the average amplitude of the second EPSPs was significantly smaller than that of the first one ( p Ͻ 0.05, t test), that is, paired-pulse depression was noted (Fig. 5A,B) . On the other hand, among the 15 cells tested for the effects of paired-pulse stimulation of the vertical inputs, the second EPSPs were significantly larger than the first ones in six cells (pairedpulse facilitation, p Ͻ 0.05, t test) and smaller in seven cells (paired-pulse depression, p Ͻ 0.05, t test, Figs. 4 E,F, 5C ). This analysis revealed that paired-pulse depression was the more common outcome of paired-pulse stimulation of either LH or SH inputs, whereas paired-pulse stimulation of vertical inputs resulted in either facilitation or depression of the second EPSPs ( p Ͻ 0.05, 2 test). The average ratio of the amplitude of the second EPSPs to the first EPSPs tested with various ISIs are summarized in Figure 6 . Paired-pulse depressions for LH and SH input pathways were observed for ISIs of Յ100 msec.
Interaction between LH and SH or vertical inputs
Under physiological conditions in vivo, excitatory input to the pyramidal cells in the superficial layers of the visual cortex would be expected from both horizontal and vertical input pathways. Therefore, we assessed the mechanism for interaction between the LH inputs and the vertical or SH inputs. An example of combined stimulation of an LH input and a vertical input is shown in Figure 7 . Unitary EPSPs were recorded after minimal stimulation of a LH or vertical input at the resting membrane potential (Ϫ71 mV, Fig. 7A, top two traces) . The EPSPs evoked by simultaneous activation of the two inputs (A, third trace) showed a similar amplitude and time course to the traces predicted by the mathematical summation of the two individual EPSPs (A, bottom). These results indicate that the EPSP evoked by concurrent activation of the two inputs corresponded to a linear summation of the two individual EPSPs at the resting membrane potential.
To mimic the condition of strong excitation, corresponding to the abundant excitatory inputs to the postsynaptic cell, the membrane potential was depolarized to Ϫ50 mV by the injection of current (Fig. 7B) . Under this depolarized condition, the EPSP evoked by the activation of an individual input pathway was smaller than that evoked without this depolarization, because of the decrease in driving force (Fig. 7B, top two traces) . Under this condition, when two inputs were driven simultaneously, the evoked EPSP (B, thick line of third trace) was larger than the mathematical summation (B, bottom trace) of the two individual EPSPs. This indicates the presence of a multiplicative, supralinear summation of EPSPs caused by simultaneous activation of LH and vertical inputs under the depolarized condition.
The supralinear summation of EPSPs was also observed after simultaneous stimulation of LH and SH inputs (Fig. 8) . At the resting membrane potential, simultaneous activation of LH and SH inputs evoked an EPSP with an amplitude equal to the linear summation of two individually evoked EPSPs (Fig. 8 A) . Under the condition in which the cell was depolarized to Ϫ55 mV, the interaction between the two inputs switched between two states, that is, between linear and nonlinear summation (Fig. 8 Ba,Bb) . We calculated the SI (see Materials and Methods) for each of the EPSPs evoked after simultaneous activation of two inputs under the condition in which the cells were depolarized to Ϫ55 mV (Fig.  8C) . The distribution of SI showed two clear peaks, suggesting a threshold mechanism for the supralinear summation of EPSPs. This switching between the two summation patterns was not observed in the case of simultaneous stimulation at the resting membrane potential, suggesting that it is not an artifact resulting from occasional stimulation of more than two input sources.
The SI for the average EPSP amplitude of each recorded cell was calculated and plotted against the membrane potential of the postsynaptic cell (Fig. 9) . The simultaneous activation of two inputs often evoked somatic action potentials, although the stimulation of a single input pathway never did. We deleted the data of cells that exhibited these action potentials because we were unable to measure the exact amplitude of the EPSPs in the presence of action potential. In Figure 9 , the incidence of the supralinear augmentation of EPSPs evoked by simultaneous activation of LH input and either vertical ( filled circles) or SH input (open circles) is clearly shown to be dependent on the extent of depolarization of the membrane. For the cases in which the combined stimulation of the two inputs resulted in supralinear summation of the EPSPs with an SI Ͼ1.10, the average membrane potential was Ϫ62.5 Ϯ 6.8 mV (average SI ϭ 1.45 Ϯ 0.22, n ϭ 10), whereas for the cases of linear summation where the SI was Ͻ1.10, it was Ϫ73.7 Ϯ 3.3 mV (average SI ϭ 0.93 Ϯ 0.07, n ϭ 32). The membrane potential between these two groups was significantly different ( p Ͻ 0.01, t test). Therefore, depolarization of the postsynaptic cell is necessary for reliable supralinear summation after simultaneous activation of two inputs. There was no significant difference in the mean SI of supralinear interaction observed under a depolarized condition between LH and vertical input interaction (SI ϭ 1.47 Ϯ 0.28) and LH and SH input interaction (SI ϭ 1.43 Ϯ 0.19, p Ͼ 0.5, t test). The mean SIs of the linear interaction at the resting membrane potential were 0.95 Ϯ 0.05 for LH and vertical input interaction (n ϭ 21) and 0.89 Ϯ 0.08 for LH and SH input interaction (n ϭ 11), and the difference was statistically significant ( p Ͻ 0.05, t test).
To assess the temporal nature of the interaction between the two inputs via different pathways, the ISI for two successive stimulations was varied between 0 and 200 msec (Fig. 10) . The EPSPs evoked by simultaneous or successive activation of LH and vertical inputs were linearly summated for all the tested ISIs at the resting membrane potential (Fig. 10 A-C, D, filled circles) . The average SIs of the LH and SH input interaction were Ͻ1.0 for ISIs of Ͻ20 msec (Fig. 10, open circles) . Thus, two inputs coming via different pathways interacted linearly at all tested ISIs, whereas those arriving from a single pathway exhibited nonlinear interaction in the case of an ISI of Ͻ100 msec (Fig. 6) .
DISCUSSION
The primary objective of this study is to describe the synaptic interactions between horizontal and vertical connections in the superficial layers of the kitten visual cortex. It is quite important to understand exactly what happens in cells when particular input pathways are activated for the understanding of the cortical strategies for information processing. EPSPs were recorded after simultaneous stimulation of LH and vertical inputs (third traces). Predicted EPSPs (bottom traces) were calculated as a simple mathematical sum of the top two traces. EPSPs evoked by concurrent activation of the two inputs was found to be a linear sum of the two individual EPSPs at the resting membrane potential ( A). However, supralinear summation was observed under the condition of a depolarized membrane ( B). The EPSP induced by simultaneous stimulation of the two inputs (thick line) and the predicted EPSP (dotted line) were superimposed in the third trace in B. The morphology of this cell pair is shown in Figure 3A . Figure 6 . ISI dependence of paired-pulse depression and facilitation. The mean ratios (Ϯ SD) of the amplitudes of the second EPSPs to those of the first EPSPs are plotted against the tested ISIs for LH (n ϭ 7), SH (n ϭ 6), and vertical (n ϭ 6) connections. Paired-pulse stimulations with ISIs of Ͻ100 msec, on average, induced second EPSP depressions for LH inputs and SH inputs and facilitation for vertical inputs.
Cell separation and amplitude of EPSPs
We used young animals (P29 -P35) at the peak of the critical period for cortical plasticity (Hubel and Wiesel, 1970) . Morphological studies have demonstrated that the horizontal axons at this age are already fully elongated and adopt a clustered appearance in the cat visual cortex (Callaway and Katz, 1990; Galuske and Singer, 1996) . Indeed, we found that the horizontal inputs were functional and interacted with other inputs reasonably well. Analysis of the relationship between the cell distance and the peak amplitude of the EPSPs after horizontal input activation (Fig. 2) revealed that the EPSP amplitudes for cell pairs located within 600 m showed diverse values of between 0.6 and 9.3 mV (average, 4.0 Ϯ 2.2 mV), whereas those for pairs located Ͼ600 m apart were relatively small (2.3 Ϯ 0.8 mV). This result suggests that lateral excitatory inputs originating from single cells more than 600 m away are less influential than those from cells within 600 m. One possible explanation is that the synapses of the horizontal inputs that arose from cells more than 600 m apart were targeted to remote sites on the dendritic tree of the postsynaptic cells, and passive dendritic filtering reduced the amplitudes of the EPSPs. However, we found no significant difference in the rise time of the EPSPs between cell pairs separated by distances of Ͻ600 m and those separated by distances of Ͼ600 m. Therefore, there seems to be no difference in the dendritic filtering effects between these two groups, because the rise time is one of the electrophysiological parameters reflecting differences in electrotonic filtering. Another possibility is that the number of synaptic connection between remote pyramidal cells is smaller than that between nearby cells and/or that the synaptic conductance of remote inputs is relatively small compared to that from closer cells. Further studies are necessary to assess these possibilities.
Source of vertical inputs
In the present study, we focally stimulated layer IV precisely underneath the recorded postsynaptic cell with a stimulus intensity capable of eliciting a unitary EPSP. We were unable to determine the source of vertical input in the individual cases tested, however, they were considered as mainly reflecting the inputs from layer IV spiny stellate cells to the superficial pyramids, because the axons of layer IV spiny neurons project densely into the superficial layers (Gilbert and Wiesel, 1979; Lund et al., 1979; Martin and Whitteridge, 1984) , whereas thalamic afferents rarely project in the superficial layers (Garey and Powell 1971; LeVay and Gilbert, 1976) .
Integration of excitation evoked by two different input pathways
When two inputs arrived at a pyramidal cell via different pathways, linear or nonlinear summation of the evoked EPSPs was . Induction of nonlinear interaction by concurrent activation of two inputs depends on the depolarization of membrane potential. Summation indices of cells were plotted against the membrane potential of postsynaptic cells. When two inputs are summated linearly, the SI takes the value of 1. Each point represents data from one cell (n ϭ 26 for LH and vertical input interaction, n ϭ 16 for LH and SH input interaction). For the interaction between LH and SH inputs, linear (or slightly sublinear) summation was observed at the resting membrane potential. Induction of supralinear summation is clearly dependent on the depolarization of the postsynaptic cell for both input interactions. noted depending on the membrane potential (Figs. 7-9 ). In the interaction between the two inputs, particularly that between LH and SH inputs, the summation indices of a majority of cases tested at the resting membrane potential were slightly smaller than 1.0 (Fig. 9) . Therefore, it might be more appropriately called a slight sublinear summation than a linear summation. Such sublinear summation is also reported for two input interactions at the distal apical dendrites of CA1 pyramidal cells in rat hippocampal slices (Cash and Yuste, 1999) . In that study, the shunting caused by activation of transient A-type potassium-ion channels in dendrites was suggested to be the underlying mechanism of the sublinear summation. We observed transient sublinear summation when two inputs arrived at a postsynaptic cell within a short interval (ISI Ͻ 50 msec, Fig. 10 ). Therefore, a similar transient increase in conductance may be responsible for this phenomenon.
Under the depolarized condition, the EPSPs evoked by simultaneous activation of either the LH and SH inputs or the LH and vertical inputs were larger than the simple sum of the two EPSPs evoked by individual activation of either. Although the mechanism responsible for the supralinear summation of membrane responses is not yet clear, our results suggest that a threshold mechanism underlies the switching from the linear to supralinear EPSP summation (Figs. 8, 9 ). Supralinear interaction may possibly be mediated by the NMDA receptors (Thomson, 1997; Cash and Yuste, 1999) and/or voltage-dependent conductance in dendrites (Cash and Yuste, 1999; Larkum et al., 1999) . Hirsch and Gilbert (1991) previously reported that a voltage-dependent enhancement of EPSPs could be evoked by massive stimulation of horizontal pathways in the superficial layers. Such an enhancement was reported to be mediated by voltage-sensitive Na ϩ channels (Hirsch and Gilbert, 1991) , although there is also evidence for NMDA receptor-mediated enhancement of EPSPs (Thomson, 1997) . More recently, Larkum et al. (1999) reported that an axonal action potential facilitates the initiation of voltagedependent Ca 2ϩ action potentials in dendrites when it coincides with dendritic inputs in rat somatosensory cortex.
We found that the voltage-dependent enhancement of EPSPs could be observed in a very simple scheme that included only a pyramidal cell and two single input pathways. It is, therefore, suggested that the observed nonlinear summation is attributable to the intrinsic membrane properties of the pyramidal cells or the synaptic properties of the inputs, rather than the properties of the global neuronal circuitry. This augmentation capacity of horizontal input suggests an important role of horizontal connections in information processing in the visual cortex based on the after argument. In our results, horizontal inputs interacted synergistically with vertical inputs. Because horizontal projections are known to connect neurons which share similar functional properties, such as orientation or chromatic preference for visual stimuli (Ts'o and Gilbert, 1988; Gilbert and Wiesel, 1989) , their activation might have a function in the selection of cell assemblies suitable for the analysis of a specific feature of visual stimuli. When abundant excitatory vertical inputs are present in the superficial layers, the augmentation of EPSPs in a particular group of pyramidal cells caused by horizontal inputs will accentuate the output of the cell assembly related to the specific stimulus feature.
Comparison of properties between horizontal and vertical inputs
We observed paired-pulse depression in the transmission between proximal pyramidal cells in the kitten visual cortex (Figs.  4C,D , 5B), with results similar to those reported for the rat visual cortex Markram and Tsodyks, 1996) . Additionally, we found that such depression was also induced in the LH input pathway (Figs. 4 A,B, 5A) . However, Reyes and Sakmann (1999) reported that paired-pulse stimulation of connections between layer II/III pyramidal cells situated close-by in P28 rats induced facilitation of the second EPSP, whereas it induced weak depression or no significant effect in younger (P14) rats. There is a discrepancy between their results and ours, because we found only paired-pulse depression for SH inputs. There might be a species difference in the mechanism of this short-term modification, or, alternatively, the visual cortex of kittens of P29 -P35 might be less mature than that of P28 rat in this respect. Unfortunately, we did not test high-frequency stimulation of individual input pathways and could not describe the depression during trains depending on the frequency (Markram and Tsodyks, 1996; Abbott et al., 1997 ). However, we tested two successive stimulations at several different ISIs (Fig. 6) . Figure 3B . D, The mean SIs (Ϯ SD) were plotted against the tested ISIs. The graph shows pooled data from six cells for LH and vertical inputs and six cells for LH and SH inputs. The SIs of the interaction between LH and SH inputs are Ͻ1 for ISIs of Ͻ50 msec.
Paired-pulse depression was more consistently observed for the horizontal connections than for the vertical connection for ISIs of Ͻ100 msec (Figs. 4 -6) .
The aforementioned results suggest that the depression of horizontal input with short ISI could be involved in the suppressive modulation of visual responses by stimuli outside of the receptive field (Blakemore and Tobin, 1972; Nelson and Frost, 1978; Van Essen et al., 1989; Li and Li, 1994; Sengpiel et al., 1997) or the response adaptation to high-contrast visual stimuli (Movshon and Lennie, 1979; Ohzawa et al., 1982 Ohzawa et al., , 1985 Carandini and Ferster, 1997) . Stimulus specificity of such suppressive phenomena in the visual cortex in vivo could be explained by stimulusspecific horizontal connection.
The EPSPs evoked by stimulation of vertical input exhibited different properties from those evoked by stimulation of horizontal input, that is, the former were relatively larger in amplitude and showed smaller fluctuations from trial to trial (Table 1) . Because vertical inputs from layer IV to the superficial layers carry information of the primary stage, the reliability of synaptic transmission might be more secure than in other synapses in the visual cortex. Partly in support of this notion, it has been reported that a much larger number of channels are involved in unitary EPSPs at geniculocortical synapses than at synapses between pyramidal cells in layer II/III (Stratford et al., 1996; Yoshimura et al., 1999) , and also in the present study, the paired-pulse stimulation of vertical inputs led to paired-pulse depression less often than did paired-pulse stimulation of horizontal inputs .
On the other hand, a single excitatory connection between pyramidal cells in layer II/III may elicit a relatively small excitation in a postsynaptic cell and, consequently, the pyramidal cell in layer II/III requires the convergence of several excitatory inputs to fire. This, in turn, means that pyramidal cells have a wide dynamic range for the modulation of responses to vertical inputs according to the activity of the surrounding neuronal networks. Thus, the activity of pyramidal cells in layer II/III seems to be controlled by the activity of many horizontally connected cells, which may form the basis for context-dependent modulation of the responses of cortical neurons (Van Essen et al., 1989; Kapadia et al., 1995; Sillito et al., 1995; Akasaki et al., 1998; Polat et al., 1998) .
